ABSTRACT: Ozone is a major component produced by low-temperature plasmas operating in oxygen-containing gas mixtures. For correlation with biological or clinical results of plasma medical therapies as well as for evaluation of application security, tempo-spatially resolved ozone concentrations need to be considered. When operating a single-electrode dielectric barrier discharge (SE-DBD), the electric field characteristics are dependent on the geometrical setup as well as the electrical properties of the counter electrode. Thus, the counter electrode also affects the plasma input power and hence the total production of chemical species. Therefore, we studied the power input and the tempo-spatial characteristics of ozone concentrations during operation of a SE-DBD operated at voltage pulses in the µs regime against a clean metal electrode and a metal electrode covered with porcine skin samples. At energy densities of up to 1.85 J/cm 2 , the ozone concentrations in the plasma volume amount to as much as 293 ppm whereas at a distance of 5 and 20 cm, respectively, from the discharge, concentrations have decreased beneath recommended safety limits of 0.1 ppm. Furthermore, significantly lower ozone concentrations could be observed when skin samples were used as part of the counter electrode.
I. INTRODUCTION
Research on applications of atmospheric pressure nonthermal physical plasmas in biology, medicine, and hygiene, as well as on fundamental mechanisms during plasma interaction with cells and (living) biological tissue has recently evolved to an independent, emerging, and highly dynamic field known as Plasma Medicine. Up to now, numerous in vitro studies have revealed significant antimicrobial effects of plasma sources based on a variety of technical concepts [e.g., dielectric barrier discharge (DBD), surface barrier discharge (SBD), corona, jet, microhollow cathode, gliding arc discharge] operating at various gas mixtures (e.g., helium, argon, air). [1] [2] [3] [4] [5] [6] The antibacterial properties of cold plasmas have been reported in numerous studies and even in vivo in clinical trials. [7] [8] [9] In studies on mammalian cells, it was found that plasma exposure can generally influence cell detachment, migration, proliferation, angiogenesis, expression of proteins and adhesion molecules, DNA integrity, apoptosis and inactivation of cancer cells, membrane permeabilization, and blood coagulation. 10 For many of these mechanisms, reactive oxygen/nitrogen species (RONS) produced in the gas discharges are assumed to play an important role as a starting point of signaling pathways. 11 Naturally, most plasma sources applied in plasma medicine are operated in an ambient air environment whereas, from a practical perspective, an admixture of oxygen into the plasma gas is most likely. Detailed knowledge on the tempo-spatially resolved concentrations of RONS produced by the plasma sources is a substantial prerequisite for systematic studies on correlations of plasma generated RONS with cell and tissue responses. On a more general level, this correlation can be regarded as one key in developing suitable plasma sources and effective therapeutic methods.
As plasma chemical reaction schemes and gas phase kinetics are dependent not only on the gas mixture but also on the technical gas discharge concept, electric excitation, geometric dimensions, fluid mechanic parameters, and material properties, individual strategies for the characterization of low-temperature plasma sources need to be developed.
In this study, the same gas discharge concept-the single-electrode dielectric barrier discharge (SE-DBD) operating in ambient air-was applied, which we have already used in earlier studies on plasma applications in dermatology. [12] [13] [14] Yet, the technical implementation and geometry was significantly enhanced by using a surface structured and flexural dielectric barrier discharge setup in order to ensure optimum alignment even on curved skin or wound regions. In terms of RONS, we focus on ozone which can be effectively produced by dielectric barrier discharges operated at low power densities. 15 Ozone is a strong oxidizing agent that has successfully been applied as a disinfectant and oxidant in drinking water preparation, odor removal (ozonolysis), or air pollution control. 16, 17 In the medical field, beneficial effects of ozone in the treatment of skin diseases have been observed. 18, 19 Yet, it is also known that ozone can lead to toxic effects on mucous membranes and the pulmonary system due to its reactivity with unsaturated fatty acids. 20, 21 Hence, ozone concentrations during plasma applications in the medical field need to be characterized in order to prevent harmful effects for patients as well as for medical staff.
II. MATERIALS AND METHODS
Optical fiber measurements (data not shown) revealed an increase of the gas temperature in the plasma volume of no more than ΔT=1.2 K over a period of 10 min, whereas, after a plasma exposure for 3 min, pyrometric data suggest a temperature increase of a porcine skin surface of ΔT=2.0 K. Hence, thermal effects can be excluded as playing a dominant role during plasma application.
A. Single-Electrode Dielectric Barrier Discharge (SE-DBD)
Throughout this study we have applied a flexible electrode system based on a single-electrode dielectric barrier discharge (CINOGY GmbH, Duderstadt, Germany) as illustrated in Fig. 1 . The high-voltage electrode is composed of a thin conductive, flexible sheet with an area of A=63×35 mm 2 that is embedded in a flexible dielectric (thermoplastic elastomer) with a rectangular basic design of dimensions 78.5×50×6.7 mm 3 . One surface of the dielectric is provided with a dimpled structure consisting of 145 evenly distributed cylindrical elements (knobs) each with a diameter of 1.75 mm and a height of 2.00 mm. The rationale of this flexible electrode concept is to ensure a constant gas gap of 2.00 mm for generating the plasma when the electrode surface with the dimpled structure is pressed on either flat or curved surfaces (e.g., human arm). The electrode system is operated at high-voltage pulses of damped sinusoidal waveform with some 10 µs duration at amplitudes of up to 10 kV and a constant pulse repetition rate of f=300 Hz.
B. Counterelectrodes
Owing to the concept of single-electrode dielectric barrier discharge, electric parameters such as field strengths or input powers are, among others, dependent on the electrical characteristics of the counter electrode. Therefore, we have applied two different configurations in this study with (1) a grounded metal plate made from stainless steel and (2) an identical grounded steel plate covered with porcine skin samples at a thickness of 2 mm (see Fig. 2 ). The skin samples were extracted from the pork belly of a slaughtered pig. The only treatment of the skin was cleaning with hot water and flaming to remove the hair. Applying a food slicer, the upper 2 mm of the pork belly skin were removed and afterwards cut to be placed on the grounded stainless steel electrode (78.5×50 mm 2 ). 
C. Mean Electric Power and Ozone Measurements
Throughout this study, the capacitor charge of the electrical circuit of the power supply was kept constant. Applying a high-voltage probe P6015A (Tektronix Inc., Beaverton, OR) the total voltage u(t) was recorded and a Current Monitor 2877 (Pearson Electronics Inc., Palo Alto, CA) was used to record the total current i(t). Both devices were operated on a 500 MHz Digital Oscilloscope DL 1720E (Yokogawa Deutschland GmbH, Herrsching, Germany) as depicted in Fig. 3a . The mean input power was calculated by multiplication of the pulse energy within the pulse duration T and the pulse repetition rate f by Eq. (1):
Ozone concentrations in the plasma volume were determined applying the UV absorption method at a wavelength of λ=255 nm. More details on the setup and method can be found in a previous work. 14 The only change to the setup was the constructive adaptation of the absorption length X=5 cm to fit to the SE-DBD width. Using the reference intensity I 0 , the time resolved intensity I(t), the ozone-specific absorption cross section σ 255nm =1.14×10 , and the gas density of n gas =2.461×10 19 cm -3 (for T gas =298 K), the time resolved ozone concentration c (t) can be calculated in dimensions of part per million (ppm) by Eq. (2): Applying another experimental setup, ozone concentrations in the ambient air surrounding the SE-DBD were determined. According to Figure 3b , the inlet of a flexible Teflon tube of 53 cm length (inner diameter of 4 mm) was arranged to point at the geometric center of the electrode. The tube inlet was then moved along the x-axis orthogonal to the longer electrode side. It is worth mentioning that the distance L is given relative to the outer boundary of the longer electrode side. The outlet of the tube was connected to a calibrated 106-L Ozone Monitor (2B Technologies Inc., Boulder, CO) equipped with an air pump operating at a flow rate of approx. 1 L/min. Hereby, the sample gas is being transferred to an absorption cell and analyzed by the UV absorption method.
All experiments were performed at laboratory conditions and measures have been taken to prevent perturbations of the measurements by undesired airflows. The temperature was 297±1.3 K and air humidity was 51±13%. In general, for calculation of mean values and standard deviations each experiment was repeated five times unless stated otherwise.
III. RESULTS
At constant capacitor charge, the maximum voltage amplitude delivered by the power supply is damped when the grounded steel electrode is covered with skin as depicted in Table 1 . This is most likely due to the additional capacitive load of the porcine tissue being part of the electrical circuit. However, the mean input power is higher with the skin-covered steel being used as the counter electrode. From comparing the averaged electric current characteristics (N=15) of each configuration in Fig. 4 , it becomes apparent that the displacement current is significantly higher when using the skin-covered electrode. This indicates that the additional power is not an effective power in the plas- The temporal characteristics of the ozone concentrations inside the electrode volume are given in Fig. 5 for operation against both counter electrodes. Operating the SE-DBD with the stainless steel electrode, the increase of ozone in the plasma volume can best be described by an asymptotic behavior up to a maximum of 273±31 ppm after 90 s plasma on time. However, for operation with the skin-covered electrode the ozone density increases linearly, yet to almost the same maximum value of 293±43 ppm.
The time resolved ozone concentrations at distances of L=10-200 mm are given for operation of the SE-DBD against the stainless steel electrode in Fig. 6 and for operation against the skin-covered electrode in Fig. 7 , respectively. At a distance of L=10 mm from the electrode and after 45 s of operation, the ozone adjusts to stationary concentrations of c=10 ppm for operation against the stainless steel electrode and c=1 ppm for the skin-covered electrode. While for operation against stainless steel the recommended limit values of 0.1 ppm can be met at distances as far as L=200 mm, for operation against skin-covered electrodes this is already the case at distances of at least L=50 mm.
IV. DISCUSSION
Whisthaler and Weschler demonstrated that on human skin surfaces ozone is consumed in reactions with unsaturated constituents of the skin lipids to form various carbonyl compounds. 22 Taking into account the different growth characteristics of the ozone densities for the stainless steel and the skin-covered counter electrode, we hypothesize that the porcine skin surface acts as an ozone sink during SE-DBD application and thus reduces the overall emission of ozone from the plasma setup into the surroundings.
After 90 s of operation, Shimizu et al. found ozone densities of ~1200 ppm in a confined volume of V=5.3 cm 3 connected to a surface microdischarge (SMD) in atmospheric pressure air at an input power of 9.5 mW/cm 2 . 23 Even though the power densities are of the same order, our experimental setups enabled migration of chemical species 25 For a temperature of 298 K at atmospheric pressure this corresponds to a maximum concentration of 264 ppm, which is comparable to the concentrations found in the plasma volume of the SE-DBD in this study.
For prevention of adverse health effects induced by ozone inhalation, the US National Institute for Occupational Safety and Health (NIOSH) has recommended an exposure limit of 0.1 ppm. 26 In our study, the results for spatially resolved ozone concentrations reveal pronounced concentration gradients in the surrounding of the plasma electrode. Despite ozone concentrations close to 300 ppm directly in the plasma volume the NIOSH limit can be met in only a few centimeters' distance. In terms of SE-DBD operational safety it is worth mentioning that for operation against the skin-covered counter electrode, at distances of at least L=50 mm ozone concentrations are below the exposure limit at any time, whereas the exposure limit itself is defined as an average value over a period of 8 h. Consequently, for clinical SE-DBD applications of the order of 90 s, adverse health effects are unlikely as soon as a minimum distance to the respiratory organs is kept.
V. CONCLUSION
Operating the SE-DBD against porcine tissue significantly changes electrical performance of the electrode system as well as the growth characteristics of ozone in the plasma volume compared to operation against a stainless steel electrode. For both configurations, steep ozone gradients exist which enable safe operation in 5-20 cm distance to the discharge depending on the counter electrode material. As a consequence, SE-DBD treatment of skin regions close to the respiratory organs should be avoided.
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